The present study was focused on the morphology of the diencephalic nuclei (likely involved in reproductive functions) as well as on the distribution of GnRH (gonadotropin-releasing hormone) in the rhinencephalon, telencephalon and the diencephalon of the brain of bluefin tuna (Thunnus thynnus) by means of immunohistochemistry. Bluefin tuna has an encephalization quotient (QE) similar to that of other large pelagic fish. Its brain exhibits well-developed optic tecta and corpus cerebelli. The diencephalic neuron cell bodies involved in reproductive functions are grouped in two main nuclei: the nucleus preopticus-periventricularis and the nucleus lateralis tuberis. The nucleus preopticus-periventricularis consists of the nucleus periventricularis and the nucleus preopticus consisting of a few sparse multipolar neurons in the rostral part and numerous cells closely packed and arranged in several layers in its aboral part. The nucleus lateralis tuberis is located in the ventral-lateral area of the diencephalon and is made up of a number of large multipolar neurones. Four different polyclonal primary antibodies against salmon (s)GnRH, chicken (c)GnRH-II (cGnRH-II 675, cGnRH-II 6) and sea bream (sb)GnRH were employed in the immunohistochemical experiments. No immunoreactive structures were found with anti sbGnRH serum. sGnRH and cGnRH-II antisera revealed immunoreactivity in the perikarya of the olfactory bulbs, preopticus-periventricular nucleus, oculomotor nucleus and midbrain tegmentum. The nucleus lateralis tuberis showed immunostaining only with anti-sGnRH serum. Nerve fibres immunoreactive to cGnRH and sGnRH sera were found in the olfactory bulbs, olfactory nerve and neurohypophysis. The significance of the distribution of the GnRHimmunoreactive neuronal structures is discussed.
G onadotropin-releasing hormone (GnRH) is a key regulator of the pituitary-gonadal axis as it stimulates both synthesis and release of teleost pituitary gonadotropin (GTH) (Peter, 1983; Okuzawa and Kobayashi, 1999; Zohar and Mylonas, 2001) .
Fourteen forms of GnRH have so far been identified in different vertebrate species (Pham et al., 2006) . In teleost fish, 8 GnRH variants have been identified, although two or three of the GnRH forms co-exist in the brain albeit distributed differently (Pham et al., 2006) . Among the Pleuronectiforms and Perciformes, sea bream (sb)GnRH-producing cell bodies in the preoptic area project their axons mainly to the pituitary, whereas salmon sGnRHand chicken cGnRH-producing cells connect different areas of the brain through their axons, which, however, do not project to the pituitary (White et al., 1995; Gonzalez-Martínez et al., 2001; Amano et al., 2002) .
The localization of GnRH-expressing neurons by means of immunohistochemistry in many of the teleost species studied so far has shown that GnRH neurons are distributed in the tegmentum of the midbrain, in the anterior telencephalon (terminal nerve included), as well as in the caudal telencephalon-preoptic region and in the rostral hypothalamus (reviewed by Lethimonier et al., 2004) .
Reproductive dysfunctions are often exhibited by fish reared in captivity ascribable to captivityinduced stress , and are due to the absence of GnRH release.The attempts in Japan to reproduce Pacific bluefin tuna (Thunnus orientalis) in captivity in the last decade produced inconsistant results (Doumenge, 1996; Lioka et al., 2000) . Recently, spawning of Atlantic bluefin tuna (Thunnus thynnus) reared in captivity in the Mediterranean has been obtained by the administration of a GnRH agonist (Corriero et al., 2007; Mylonas et al., 2007) .
To increase the possibility of success in bluefin tuna domestication, a better understanding of the reproductive biology of this fish is required, with special focus on the brain-pituitary-gonad axis.
The aim of this paper was i) to provide data on the gross morphology of bluefin tuna brain; ii) to describe the main diencephalic nuclei involved in reproductive function; iii) to immunolocalize, in both the forebrain and midbrain, the neurons responsible for GnRH synthesis.
Materials and Methods

Sampling
Both brain and pituitary were collected from 18 sexually mature bluefin tuna killed during the period of natural spawning of the species (June-July, 2005 and at several locations in the Mediterranean Sea. The total body mass and brain mass of each specimen were measured to the nearest kg and to 0.01 g, respectively.
Samples were fixed in 10% buffered formalin for 24 h, dehydrated through graded alcohols, cleared in xylene and embedded in paraffin wax.Twelve-or five-µm thick sections were cut for morphology or immunohistochemistry investigations, respectively.
Encephalization quotient and morphology
The encephalization quotient (QE) was calculated as the ratio of actual brain size to expected brain size using the formula:
where EA = actual brain mass and EE = expected brain mass.
The EE for bluefin tuna was calculated by the allometric equation for the brain mass to body mass relationship (Log10 brain mass = 0.5301 Log10 body mass 0.8735 ) reported by Lisney and Collin (2006) .
Morphological investigations were performed by haematoxylin-eosin or Nissl stainings and Bielschowsky silver technique modified by Servier and Munger (1965) . Neuron size was determined on histological slides by a Quantimet 500W (Leica, Cambridge, U.K.) image analyser by measuring the minor and major axis of at least 100 cell bodies for each cell type. Cell body size is given as mean ± S.E.
Immunohistochemistry
De-waxed and re-hydrated tissue sections were immersed in 3% H2O2 for 10 min to suppress endogenous peroxidase activity and then rinsed with distilled water and phosphate buffered saline (PBS, 0.01M, pH 7.4) containing 0.15 M NaCl, 1% bovine serum albumin (BSA) and 0.5% Triton X-100. Non-specific binding sites for immunoglobulins were blocked by incubation for 30 min with 5% normal goat serum (NHS) in PBS containing 1% BSA. Sections were then incubated for 15-24 h at 4°C in a moist chamber with nine different dilutions (1:100, 1:500, 1:1000, 1:1500, 1:2000, 1:2500, 1:3000, 1:4000, 1:5000) of polyclonal primary antisera against salmon(s)GnRH, chicken(c)GnRH and sea bream(sb)GnRH, used to determine the optimal working dilution. Anti sGnRH (lot n. 1667) and anti cGnRH (lot n. 675) were kindly supplied by R. P. Millar; anti cGnRH (lot n. 6) and anti sbGnRH (lot n. 691) were kindly provided by M. Amano.
All antisera were diluted in 5% BSA/0.01 M PBS/0.5% Triton X-100, pH 7.4. The resulting suitable working dilutions (no background) for each antiserum are given in Table 1 . The slices were rinsed in Triton-PBS for 15 min and incubated with biotinylated secondary antibody for 30 min to be washed in PBS and re-incubated in avidin-biotinperoxidase complex (ABC) (Vector, Burlingame, CA). Peroxidase activity was visualised by 10-min. incubation with Vector DAB Peroxidase Substrate Kit (Vector, Burlingame, CA), which produces a brown precipitate. Finally, the sections were counterstained with hematoxylin, dehydrated and mounted.
Negative controls were performed by: (1) replacement of primary antibody with NGS, and (2) omission of primary antibody.
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G. Palmieri et al. The count was performed using light microscopy fields captured at 20x magnification and digitalized with a Quantimet 500W image analyser. Data are given as means ± standard deviation.
Results
Encephalization quotient and gross brain morphology
The mean brain mass (EA) of the bluefin tuna sampled was 6.52±1.78 g and the mean body mass was 97.1±19.8 kg. Based on the brain mass to body mass relationship obtained for several fish species by Lisney and Collin (2006) , the expected brain mass (EE) of the bluefin tuna specimens sampled in the present investigation was calculated to be 9.25 g. Therefore, the QE is <1 i.e. 6.52/9.25 = 0.71.
The dorsal-lateral and ventral views of the bluefin tuna brain are shown in Figure 1 . The olfactory bulbs are not well developed and, in fact, are attached to the rostral-ventral part of the olfactory lobes. The optic tecta are well developed and exhibit a deep groove. The corpus cerebelli, which displays a remarkable rostral-caudal extension dorsal to the optic tecta up to the medulla oblongata, exhibits an evident external folding. The octavolateralis regions, the eminentia granularis and the crista cerebelli are also well developed. The ventral view of the brain is characterized by a very large hypophysis caudally followed by pre-eminent hypothalamic inferior lobes.
Morphology of diencephalic nuclei putatively involved in reproductive functions
The nucleus preopticus-periventricularis is localized in the diencephalon starting from its rostral end where it covers the inner surface of the ependyma lining the wall of the relevant ventricle (III ventricle or median cavity) ( Figure 2 ). This nucleus consists of a few sparse neurons in the rostral part, whereas its aboral part is constituted by numerous cells closely packed and arranged in several layers (the nucleus periventricularis itself) ( laterally and forms a 90°angle at about 200 µm from its rostral end, thus giving rise to the preopticus part of the nucleus preopticus-periventricularis (the nucleus preopticus itself) (Figure 2 ). The preopticus component of the nucleus extends aborally for about 700 µm and, beyond its caudal end, the periventricularis nucleus can still be observed for about 120-150 µm. This most caudal end of the nucleus periventricularis borders only with the dorsal wall of the ventricle. As a whole, the nucleus preopticus-periventricularis is L-shaped; its vertical component being represented by the nucleus periventricularis and its horizontal one by the nucleus preopticus which owes its name to the fact that it is placed dorsally to the optic chiasm.
The nucleus preopticus-periventricularis is made up of multipolar neurons whose perikaryon is usually ellipsoidal in shape (Figure 2 ). There exist two 22 G. Palmieri et al. distinct neuron populations in terms of cell size: i) small cells with a minor axis of 10.5±2.5 µm and a major axis of 18.0±4.1 µm; ii) large cells with a minor axis of 22.3±4.5 µm and a major axix of 32.7±6.9 µm.These neurons, usually arranged in 3-6 layers, are interspersed in a close net of blood capillaries (Figure 2 ) and exhibit a characteristic topographic distribution within the nucleus. In the vertical part of the nucleus (nucleus periventricularis), both large and small neurons occur with the largest ones being pre-eminent. In the horizontal component of the nucleus (nucleus preopticus), only the smaller cell type can be found.
The nucleus lateralis tuberis is located in the ventral-lateral area of the diencephalon, where the nerve fibres constituting the pituitary peduncle emerge from the diencephalon itself (Figure 3 a, b ). This nucleus, constituted by a certain number of large multipolar neurons with a minor axis of 21.8±5.5 µm and a major axis of 33.3±6.4 µm, exhibits a rostral-caudal extension of about 1.5 mm.
Immunohistochemistry
Of the antisera used, only anti sbGnRH serum did not show immunoreactivity with the bluefin tuna diencephalic nuclei (Table 1) . Immunostaining mainly occurred in the neuronal perikarya. Anti sGnRH 1667 serum immunoreacted with 20%-30% of the perikarya in the preopticus-periventricularis nucleus (Figure 4 a, b) and with 40% of the neurons of the nucleus lateralis tuberis (Figure 4 a,  c) . Anti cGnRH-II 675 and anti cGnRH-II 6 immunostained around 50% of neurons in the preopticus-periventricularis nucleus.These antisera did not immunoreact with the lateralis tuberis area.
Differences in both distribution and size of the immunoreactive perikarya were observed. Anti sGnRH-and anti cGnRH-positive cells were mainly found in the preopticus and caudal zone of the periventricularis nucleus. Anti sGnRH immunoreactive neurons were smaller than anti cGnRH ones.
A fascicle of anti GnRH immunoreactive fibres streamed ventro-laterally to the preopticus area running toward the pituitary where GnRH-like immunoreactive fibres were observed (Figure 4d) .
Anti cGnRH and anti sGnRH immunostained some perikarya in the nucleus of the oculomotor nerve (Figure 5 a, b) , but no immunostaining was observed in the oculomotor nerve fibres. GnRHlike neurons were also found in a side zone of the anterior midbrain tegmentum (Figure 6 a, b,) . In
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Discussion
This paper provides a morphological description of the bluefin tuna brain and the diencephalic nuclei thought to be involved in reproductive functions. Moreover, data on the immunolocalization of anti GnRH-positive neurons in the forebrain and midbrain of the species in question are also given.
The QE, calculated on the basis of the brain mass to body mass ratio reported by Lisney and Collin (2006) indicates that the brain mass of the bluefin tuna is less developed than expected compared with other fish. This finding is not surprising since the above-mentioned ratio has been calculated for 14 fish species, 8 of which are teleosts and 6 sharks, the latter representative of fish with the largest and heaviest brain. When the comparison of the QE is limited to teleost fish, then our findings show a close similarity between bluefin tuna brain mass and the brains of other large pelagic species, including Coryphaena hippurus (L.), Katsuwonus pelamis (L.) and Thunnus albacares (Bonn.) (Lisney and Collin, 2006) .
The observation of the gross morphology of the bluefin tuna brain shows the presence of a well developed optic tecta and a remarkably developed integration area, the corpus cerebelli. The optic tecta account for the dominant sensory brain area of large pelagic teleosts, due to the importance of vision for predation in pelagic environments (Lisney and Collin, 2006) . The great development of the corpus cerebelli in the bluefin tuna is presumably linked to the extraordinary locomotor performance of this high-speed and highly migratory fish (Altringham and Block, 1997; Safina, 1993) .
The neuronal cell bodies of the diencephalon of the bluefin tuna involved in reproductive functions are grouped in two main nuclei, the nucleus preopticus-periventricularis and the nucleus lateralis tuberis. These two nuclei have already been described in the diencephalons of different teleost species, including the killifish (Fundulus heteroclitus) (Peter et al., 1975) , the goldfish (Carassius auratus) (Peter and Gill, 1975) , the rainbow trout (Salmo gairdneri) and the Atlantic salmon (Salmo salar) (Peter et al., 1991) .
The nucleus preopticus-periventricularis corresponds to the periventricular preoptic nucleus described by Crosby and Woodburne (1940) and Crosby and Showers (1969) . The neurosecretory activity of the nucleus preopticus in fish species has been shown both anatomically and functionally (Perks, 1969) . In the goldfish, the nucleus preopticus periventricularis and the nucleus preopticus are continuous, although the latter can readily be distinguished as it stains with neurosecretory stains such as paraldehyde fuchsin (Peter and Gill, 1975) . In the present study, GnRH-like neurons were immunolocalized both in the nucleus preopticus and in the nucleus periventricularis of the bluefin tuna, thus suggesting a potential neurosecretory role of the entire nucleus preopticus periventricularis.
In different teleost species, the preopticus component of the nucleus preopticus-periventricularis consists of two parts: the pars parvicellularis and the pars magnocellularis (Charlton, 1932; Crosby and Showers 1969) . The pars parvicellularis consists of small cells with a lateroventral location, while the pars magnocellularis consists of large cells located posterodorsally. A characteristic neuronal organization has been highlighted in bluefin tuna: neurons of different size are present in the nucleus periventricularis proper (although the largest neurons are pre-eminent), while in the preoptic component of the nucleus preopticus-periventricularis only the smaller cell type can be found.
In the present study, the widely recognized terminology of "nucleus lateralis tuberis" was used to indicate the nucleus located in the ventral-lateral area of the diencephalon whose nervous fibres constitute the pituitary peduncle. recommended renaming large portions of this nucleus on a functional basis. In the goldfish (Peter and Gill, 1975) and in the killifish (Peter et al., 1975) , the nucleus lateralis tuberis was divided, on a topographical basis, into pars anterior, inferior, posterior and lateralis. In the bluefin tuna, no morphological differences were observed in the neurons of the different putative parts of the nucleus lateralis tuberis, and no preferential distribution of the anti GnRH-positive neurons could be found within this nucleus.
The results of this study have allowed the immunolocalization of the distribution of GnRHlike structures in the brain and pituitary gland of bluefin tuna.
Eight GnRH variants have been identified in the brain of teleost fish, but (c) GnRH II, (s) GnRH and (sb) GnRH have been found to coexist in some perciformes and other fishes (Lethimonier et al., 2004) .
Four different polyclonal antibodies against sGnRH, cGnRH and sbGnRH were used. In this study three antisera (sGnRH 1667, cGnRH-II 675, cGnRH-II 6) revealed immunoreactivity in the perikarya of the oculomotor nucleus, anterior midbrain tegmentum, preopticus-periventricular and lateralis tuberis nuclei in the diencephalon, the neurohypophysis and in the junction between olfactory bulbs and telencephalon.
Surprisingly no immunoreactive structures were found with anti sbGnRH serum although sbGnRH is thought to be the most important regulator of gonadal function (Lethimonier et al., 2004; Pham et al., 2006) , and sbGnRH-producing cell bodies project their axons mainly to the pituitary gland (White et al., 1995; Gonzalez-Martinez et al., 2001) .This negative result is of difficult interpretation despite the fact that different dilutions and incubation times were used in the experiments carried out here. The lack of anti sbGnRH immunostaining likely depends on technical reasons, including the non-specificity of the primary antibody used, as well as likely antigen damage during the fixation and paraffin wax embedding. However, since large differences in the levels of sbGnRH have been shown among perciform fishes (Senthilkumaran et al., 1999) , a possible explanation is that the bluefin tuna contains such a low amount of the sbGnRH form that it becomes undetectable to the immunostaining. Therefore, other types of studies, including RIA and in situ hybridization might be helpful in finding a solution to this still unanswered question.
cGnRH-II is expressed in all teleosts examined, including sarcopterigy and actinopterigy (reviewered by Letimonier et al., 2004) . With the exceptions of the butterfly fish (O'neill et al., 1998) , the European eel (King et al., 1990 ) and the catfish (Ngamvongchon et al., 1992) , sGnRH has been detected in all teleost species from primitive fish, osteoglossiformes (Okubo and Aida, 2001; O'neill et al., 1998) , to acanthopterigii (Lethimonier et al., 2004) . In many teleost fish studied, immunohistochemistry highlighted sGnRH immunoreactivity of the neurons of the anterior ventral brain (telencephalon and preoptic region), whereas the large cell bodies of the midbrain tegmentum were found to react to anti cGnRH-II serum (see Lethimonier et al., 2004) .
The perikarya of the preopticus-periventricularis nucleus immunoreacted with anti sGnRH 1667, anti cGnRH-II 675 and anti cGnRH-II 6 sera. Differences in the distribution, % and size of the immunoreactive perikarya were observed. Anti sGnRH-and anti cGnRH-positive cells were mainly found in the preopticus and caudal part of periventricularis nucleus. sGnRH-immunoreactive cells comprised around 20-30% of the total whereas cGnRH-like neurons comprised around 50%. Anti sGnRH-immunoreactive neurons were smaller than the anti cGnRH ones. The presence of GnRH neurons in the preopticus nucleus has been detected as a sGnRH variant in Cypryniformes (Yu et al., 1988; Powel et al., 1996) and Salmoniformes (Okuzawa et al., 1990; Amano et al., 1991) , whereas the cGnRH-II form has been reported in midbrain tegmentum of most of the fish species studied (see Lethimonier et al., 2004 for review) . In bluefin tuna, we were able to find weakly immunostained nerve fibres in both the preopticus nucleus and the neurohypophysis. This is in line with the function of the preopticus nucleus which is considered to be the main source of the innervation of the neurohypophysis (Yamamoto et al., 1998) .
The nucleus the lateralis tuberis exhibited immunostaining with anti sGnRH 1667 serum in 40% of the neurons, whereas it did not react with antisera against cGnRH and sbGnRH. The occurrence of GnRH cells in this nucleus has been observed in catfish Clarias batrachus (Subhedar and Rama Krishna, 1988; Khan et al., 1999; Sarkar and Subhedar, 2000) . GnRH cells have been reported in the caudo-distal pars of neonatal platyfish (Schreibman et al., 1982) .
In this study, we were able to find neurons and nerve fibres immunoreactive to cGnRH and sGnRH sera in the bulbs as well as in the olfactory nerve of bluefin tuna. According to several authors, the GnRH-immunoreactive cells detected in this tract of the brain are the cells most strongly subjected to the action of pheromones (Fujita et al., 1991; Egorova et al., 2001) and are likely to be involved in fish sexual behaviour neuromodulation (Oka and Ichikawa, 1990; Parhar et al., 1994; Volkoff and Peter, 1999) .
The presence of GnRH in extrahypothalamic areas, including the oculomotor nucleus and the anterior midbrain tegmentum, may be related to the modulation of behavioural responses. GnRH-containing motor nuclei are thought to be an integrative system for the modulation of sensory and behavioural functions (Munz et al., 1981; Egorova et al., 2001) .
In this study, cGnRH-II-and sGnRH-immunoreactive fibres, presumably from the preoptic zone, have been found to enter the neurohypophysis of the bluefin tuna. Direct innervation of the pituitary gland by fibres of the hypothalamic GnRH neurons is characteristic of Osteichthyes (Muske, 1993; Schreibman et al., 1979) . Our results are consistent with the observations of Magliulo-Cepriano et al. (1994) which revealed the presence of cGnRH-II and sGnRH forms in the pituitary gland of the platyfish. The presence of cGnRH-II and sGnRH in the bluefin tuna pituitary gland suggests that GnRH is involved in the release of gonadotropin in this species. However, it is worthwhile remembering that preoptic GnRH cells are related not only to gonadotropin secretion but also to the regulation of other pituitary hormones. The co-localization of GnRH binding sites with gonadotropins, somatotropin, somatolactin and prolactin cells has been demonstrated in the pejerrey (Odontesthes bonariensis) (Stefano et al., 1999 (Stefano et al., , 2000 .
In conclusion, the present study provides the first data on the morphology of the brain and two diencephalic nuclei thought to be involved in reproductive functions in the bluefin tuna.The immunohistochemical findings have allowed the demonstration of the presence of sGnRH and cGnRH variants. Further studies are necessary to elucidate the expression pattern of the GnRH forms during the different phases of the reproductive cycle of the bluefin tuna.
